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+Precision Neutrino Scattering
+New Physics/Weak-Electromagnetic Interference

® opposite parity transitions in heavy atoms £
* Spin-dependent electron scattering

Parity-violating Electron Scattering
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+Precision Neutrino Scattering

+New Physics/Weak-Electromagnetic Interference =
f
® opposite parity transitions in heavy atoms ¢ ?
* Spin-dependent electron scattering
Parity-violating Electron Scattering
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gy and g, are function of sin?0y, Ay, ~ 10°-0° to 107~ 0’

Specific choices of kinematics and target nuclei probes different physics:

e In mid 70s, goal was to show sin?0,, was the same as in neutrino scattering

e Since early 90’s: target couplings probe novel aspects of hadron structure
(strange quark form factors, neutron RMS radius of nuclei)
e Future: precision measurements with carefully chosen kinematics can probe

physics at the multi-TeV scale, and novel aspects of nucleon structure
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Continuous interplay between probing hadron structure and electroweak physics

Outline

| Parity-violating electron scattering has become a precision tool |

photocathodes, polarimetry, high power cryotargets, nanometer beam stability,
precision beam diagnostics, low noise electronics, radiation hard detectors
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Strange Electric Contribution

Strange

SC Milestone HP4 on

2011: Completion of a 2-decade program

uarks Form Factors

lavor Separated Form Factors at Q2 < 1 GeV?
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Pb-Radius EXperiment

EW Probe of Neutron Densities
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Electroweak Interactions at scales much lower than the W/Z mass

TeV-Scale Probe: Indirect Clues

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

High Energy Dynamics
E x SM amplitudes can be very precisely predicted

A (~TeV) = 1 1 = higher dimensional
L=Lsm+ L5+ -—=Ls+ - operators can be
M,z A e . =
systematically classified
(100 GeV) ~ /
courtesy
ol o« e )< Dark Sector
H. Maruyama, |
M. Pospelov ﬂ (coupling)'1

Heavy Z's, light (dark) Z's, technicolor, compositeness, extra dimensions, SUSY...
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Electroweak Interactions at scales much lower than the W/Z mass

TeV-Scale Probe: Indirect Clues
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High Energy Dynamics
E x SM amplitudes can be very precisely predicted

A (~TeV) = 1 1 = higher dimensional
L=Lsm+ L5+ -—=Lg+-"- operators can be
Mw,z A A? . o=
systematically classified

(100 GeV)

\. J
courtesy
V. Cirigliano, >< <: x D ark S C CtOI‘

H. Maruyama,
M. Pospelov ﬂ (coupling)'1
Heavy Z's, light (dark) Z's, technicolor, compositeness, extra dimensions, SUSY ...
; 1 Search for new flavor diagonal neutral currents |
K Look for tiny but measurable deviations from >< P
; e o ~6
; 7 precisely calculable predictions for SM processes A

mustreach A ~ 10 TeV
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Electroweak Interactions at scales much lower than the W/Z mass

TeV-Scale Probe: Indirect Clues
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Interplay between electroweak and hadron dynamics

High Energy Dynamics
E x SM amplitudes can be very precisely predicted

A (~TeV) = = higher dimensional
1 1
L=Lsm+-Ls5+-—=Ls+""- operators can be
My z i A® systematically classified
(100 GeV) \ J
courtesy
| V. Cirigliano, >< <: x Dark SeCtOI‘
H. Maruyama, |
M. Pospelov ﬂ (coupling)'1
Heavy Z's, light (dark) Z's, technicolor, compositeness, extra dimensions, SUSY...
L ,Search for new flavor diagonal neutral currents 1
I Look for tiny but measurable deviations from >< il
; = o ~6
£ 7 precisely calculable predictions for SM processes A
must reach A~ 10 TeV
arity Violation and Hadron Structure 0 R U1 SN A NN A C L ETTT G e w10 1 £




-———

Weak Mixing Angle at 1-Loop

For electroweak interactions, 3 input parameters needed:

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

4th and 5th best

1. Rb-87 mass + Ry constant measured parameters:

2. The muon lifetime tO)b Mw and sin20w
3. The Z line shape
/ ll ll
QQED GF M Z Muon decay Z production 7’
Weak Neutral Current interactions ¢ i
p) 2

—— —
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Weak Mixing Angle at 1-Loop

For electroweak interactions, 3 input parameters needed:

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

4th and 5th best

1. Rb-87 mass + Ry constant measured parameters:

2. The muon lifetime tO)b Mw and sin20w
3. The Z line shape / L L
QlermEn GVl Muondecay - Z production 2
Weak Neutral Current interactions ¢ /5
LEP-I, SLC, LEP-II, Tevatron sin® w (mz )zgs = 0.23125(16)
World Averages My, = 80.385(15) GeV

—— — -
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Weak Mixing Angle at 1-Loop

For electroweak interactions, 3 input parameters needed: |

4th and 5th best
measured parameters:

1. Rb-87 mass + Ry constant

| 2. The muon lifetime tOb Mw and sinZ2Ow
| 3. The Z line shape / ’ L
; QXQED GF M Z Muon decay Z production 7" |
| Weak Neutral Current interactions ¢ 5
LEP-I, SLC, LEP-II, Tevatron sin® O (mz )azs = 0.23125(16)

(' Flavor Diagonal Contact Interactions My = 80.385(15) GeV

| . - Fg
Consider [ = f,f, or fif, = /ifs I><f1

47 = f
Lflfz T E A2 nl]fizyuf;zfzjyufzj fZAnew 7
i,j=L.R

New heavy physics that does not
& couple directly to SM gauge bosons
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Weak Mixing Angle at 1-Loop

For electroweak interactions, 3 input parameters needed: |

4th and 5th best
measured parameters:

1. Rb-87 mass + Ry constant

| 2. The muon lifetime tO)b Mw and sin20w
| 3. The Z line shape / L L
I e C oV iuon decay  Z production i i
| Weak Neutral Current interactions ¢ /5
LEP-I, SLC, LEP-II, Tevatron sin® w (mz )zgs = 0.23125(16)
(" Flavor Diagonal Contact Interactions My, = 80.385(15) GeV

3 ; f [,
Consider [ = f,f, or fif, = /ifs 1><1

r 2 f ) 2
Lflfz T E A2 nlffilyﬂf;lfzjyuf2J ZAnew ’ ‘AZ = Anew 3 == A% d o (Anew) :|

on resonance: Az is imaginary

i,j=L.R AZ
New heavy physics that does not : I
| couple directly to SM gauge bosons no interferencel!

‘New flavor diagonal interactions mediated by 2 M 2
{5 1) << Z

a new light boson such as the “dark Z
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| Weak Neutral Current Couplings |

“Elastic and deep-inelastic PV scatferiné '
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| Weak Neutral Current Couplings

G =
= TF[EW“%e(Cluﬂyﬂu Cladry,d)

. —— e, — ———— e w—

2
| | ) __57M6(02uﬂ7u75u B CQdd%ﬂ%d)]
W C.=2gg C,.=2g,g
| 1 A8V 2 VoA 222
: : l e 66(67M75667,u6)
| , [ S
Ce —%+% sin“fy ~ —0.19 new physics f1f2
Ciag = %—% \1113()” ~ 0.35 .."} J} (9332)2 = >
Cy, = —§+2 sin“fy ~ —0.04 + Z Tflwufuféﬂufzj
("'2(1 - %_2 .\’i112 Ow =~ 0.04 f“z 2 1,j=L,R t

2 2 2 2 PV elastic e-p scattering,
S (9 eRqR) + (9 EQL) — (9 (18;%{) — (9 qu) —> Atomic parity violation
)

2= ( geRqL)z i ( 9%2 )2 2% (91?%: )2 C> PV deep inelastic scattering

C o S -l e
¥ S
Z5 Y
N —<X
P(k,s) P(k's’ =

i:’?a’rltv Violation and Hadron Structure k 8 T Krishna Kumar. September 13. 2014



Cee X (gle%eR)Q ~ o)

eTp,s

P(k,s)

2

o

)

P(k's’

[— > PV Moller scattering

Qw =1 — 4sin® Owy

‘é—— “"“f""'--'-‘—-é—- e e- e
75 Y e'_/{ é %‘;('}»

if’?irltv Violation and Hadron Structure

rm- . e - [ = o [ ] - I-.-.— i e e — - [ ] e e ~—.-—-‘-_—W
Elastic and deep-inelastic PV scattering |
! O 3
Weak Neutral Current Couplings
| - V. e A Cup e ey —
‘\ e ﬁ[efy Yse(Cruuy,u + Crgdy,d)
i _ , oo Cntiurs by
| CiEzgegl CiEzgegz e |
5 I 4 S s = 66(67M75667u6) i
| — |
1. — I+ 570y ~ —0.19 new physics £f1f2 |
Cia = L1-Zsin20y ~ 035 AL, 22 3
Co, = _%_}_3 sin“ Oy ~ —0.04 + Z A; fli’y,uflifQjVuij
Cos = L1-2sin%0y ~  0.04 h b TS LI
| : : |
eq \2 eq \2 eq \2 eq \2 PV elastic e-p scattering,
Clq X (gRR) = (gRL) = (gLR) = (gLL) :> Atomic parity violation
Coq x (955:)° — (95 )% + (95%)° — (g3%)? > PV deep inelastic scattering

T e T ST T A BTN AT S C LTI G 3 e w0 1 £



. S . ————

e

The Weak Charge of the Proton
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VAY

P(ks)

Production Mode:
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Apy In elastic e-p scattering:
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For a'H target, nucleon structure contribution well-constrained from measurements

Gr
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Qweak at JLab Quartz Bar Detectors
8-fold symmetry
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180 pA, Integrating

35 cm LH, target

=1.16 GeV
1 180 pA
P =88%

Toroidal =
Spectrometer

. —— e, — ———— e w—

Acceptance-defining

) High-density concrete
Pb collimator

shielding wall
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Apy In elastic e-p scattering:

The Weak Charge of the Proton

ep,s) eTp’s’,

7*Sy For alH target, nucleon stci;'ucture contribution well-constrained from measurements
N AQ—=0) = [ <R + 8(0°)] Q1. =2C,, +C,, x1-4sin’d,

weak

‘1 Prks) Ptk's’

|  Qweak at JLab  Quartz Bar Detectors
Production Mode: 8-fold symmetry

180 pA, Integrating

Toroidal =
Spectrometer

35 cm LH, target

E=1.16 GeV

[=180 pA

P=88% Acceptance-defining
Pb collimator

High-density concrete
shielding wall

Run 0 Results (1/25t of total dataset) — published in PRL 111, 141803 (2013)
A, =-279 +35(stat) = 31(syst) ppb  at <Q2> =0.0250 (GeV /c)’

0,,(PVES) =0.064 +0.012 0,,(SM)=0.0710 = 0.0007

First determination of proton’s weak charge in good agreement with Standard Model
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Apy In elastic e-p scattering:

The Weak Charge of the Proton

ep,s) eTp’s’,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

7*Sy  For alH target, nucleon structure contribution well-constrained from measurements
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Run 0 Results (1/25t of total dataset) — published in PRL 111, 141803 (2013)
A, =-279 +35(stat) = 31(syst) ppb  at <Q2> =0.0250 (GeV /c)’

0,,(PVES) =0.064 +0.012 0,,(SM)=0.0710 = 0.0007

First determination of proton’s weak charge in good agreement with Standard Model
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The Weak Charge of the Proton

eTps’,

For a'H target, nucleon structure contribution well-constrained from measurements
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Apy In elastic e-p scattering:
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at

0.13}

0,,(PVES) =0.064 +0.012

0y, (SM) =0.0710 = 0.0007 only 4% of Qweak data

First determination of proton’s weak charge in good agreement with Standard Model
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Apy In elastic e-p scattering:

The Weak Charge of the Proton

‘Final result with the full accumulated statistics is anticipated in 20195

eTp.s)

1D D DD IO TN D D DD D I IO TN TN DD DD IO O O T D D DD O D T 1O D D D D D 1O 1O TN N Y DD D 1O O N TN 1 1D D D O O O T T 1D D D D

———

7*Sy  For alH target, nucleon structure contribution well-constrained from measurements
G 2 4 2
A@e=0) =L B+ Q*B ( ) P —4gin°
'l Plks) - Pl : . . . . .
| Qweak at JLab  QuartzBar Detectors  — ¢ This Experiment | Data Rotated to the Forward-Angle Limit
| Production Mgde: 8-fold symmetry N 0.4l : g:l\[jll:’[if)i( |
i 180 pA, Integrating 1o 0ida] <) : (F;XM - |
3 Spectrometer 9} 0.3l 2 SM (prediction) ool = :
' o Qweak Y { |
Q i i
+ -
o B 0.2 / ; ~ d {
35 cm LH, target O ¥ 0.18 : . . .
e beam ' 0.1l i;’,f'" Inner Ellipses - 68% CL
= < 0.47| OuterElipses - 95% CL &%
| o 1léé6uiev < 0.0 . APV + PVES
P =88% Acceptance-defining High-density concrete 0.0 0.1 0.2 0.16 | Combined Result
Pb collimator shielding wall Q2 (GGV/C)2 S
t 0.15
Run 0 Results (1/25t of total dataset) — published in PRL 111, 141803 (2013) O
0.14
A, =-279 +35(stat) = 31(syst) ppb  at <Q2> =0.0250 (GeV /c)’
0.13¢
0/ (PVES) =0064=0012  OF(SM)=0.0710 = 0.0007 only 4% of Queak data
0.12
First determination of proton’s weak charge in good agreement with Standard Model -0.70 -0.65 -0.60 -0.55 -0.50 -0.45 -0.4(
Cuu=Cus
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An ultra-precise measurement of the weak mixing angle using Moller scattering

s MOLLER at JLab

| Measurement Of Lepton Lepton Electroweak Reaction
! e- °°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°

11 GeV Beam %
e” -@ -

detector
systems

hybrid
toroid

=2\ upstream liquid
4 " toroid hydrogen
target

Apv = 35.6 ppb

Luminosity: 3x103° cm?/s

75 uA 80% polarized
0(Apv) = 0.73 parts per billion
0(0¢w) =+ 2.1 % (stat.) = 1.0 % (syst.)

electron
beam

= = iR = e —
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An ultra-precise measurement of the weak mixing angle using Moller scattering

s MOLLER at JLab

| Measurement Of Lepton Lepton Electroweak Reaction

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

PR : 2
o- 11 GeV Beam M Qw =1—4sin” fw -

hybrid \/

toroid

g =
I Z zAjzeIWG €;7"e;

i N ii=L.R.
g e\ upstream liquid A
o " toroid hydrogen = dse ety
pv =35.6 ppb AR 5 5
LA PP : el V0gEr — 281

Luminosity: 3x103° cm?/s

75 uA 80% polarized
0(Apv) = 0.73 parts per billion
0(0¢w) =+ 2.1 % (stat.) = 1.0 % (syst.)

electron
beam

= = iR = o —

<

detector 1 £ |
S systems + >< ST ,
DN e

P
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An ultra-precise measurement of the weak mixing angle using Moller scattering

e MIOLLER at JLab

e e * = e R e e — =

| Measurement Of Lepton Lepton Electroweak Reaction
7 d(sin0w) = + 0.00026 (stat.) + 0.00012 (syst.) > ~0.1%

Matches best collider (Z-pole) measurements!

_ 11 GeV Beam
€ -<| best contact interaction reach for leptons at low OR high energy

To do better for a 4-lepton contact interaction would require:
Giga-Z factory, linear collider, neutrino factory or muon collider

. S ———

detector

tem‘ ¢ ~ 20M$ MIE funding required -+ 5
® Science review by DOE NP: A
September 10 at UMass, Amherst

hybrid N

toroid 2
8ij

Luminosity: 3x103° cm?/s

75 uA 80% polarized
0(Apv) = 0.73 parts per billion
0(0¢w) =+ 2.1 % (stat.) = 1.0 % (syst.)

electron
beam

Leje, = Z Wéi%eiéﬂ“ej

- ii=L.R.
LN\ upstream liquid A <
o " toroid hydrogen =—rerAdsihzay
pv =35.6 ppb AR 5 5
qu PP : el V0gEr — 281

|
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Deep Inelastic Scattering on LD>
| Apy In deep inelastic e-D scattering: |

’ \\/ QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ {

Z a(x): function of Cr’s

& 2
73 Y G0 .
| 3 Apy = \/%mx [a(x) + f(y J b(x): function of C2;’s
NN For2H, assuming charge symmetry, 3 ; d :
| structure functions cancel in the ratio: b(X) =— (2C2 = C2 d) 2 (X) b (X) e |
i e = u(x)+d(x) | |
|

barltv Violation and Hadron Structure 3 [ ey A T TR Kumar. September 13. 2014
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PV

Wang et al., Nature 506, no. 7486, 67 (2014);

6 GeV run results

Q2 ~ 1.1 GeV?

APYYS (ppm) —91.10
(stat.) +3.11
(syst.) +2.97
(total) +4.30
| Q2 ~ 1.9 GeV? Asymmetry
AP (ppm) —160.80
(stat.) +6.39
(syst.) +3.12
(total) +7.12

a(x): function of C1;’s

b(x): function of Ca;’s

(2C2u = CZd)

u, (x)+d (x)

u(x)+d(x)

Deep Inelastic Scattering on LD>

Apy in deep inelastic e-D scattering:

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

Q’>> 1 GeV? ,W?2>> 4 GeV?

- 22 [a(0+ £ (o)

For2H, assuming charge symmetry, 3
structure functions cancel in the ratio: b(x ) =

10|

+..

i—"arltv Violation and Hadron Structure
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Deep Inelastic Scattering on LD>

Apy in deep inelastic e-D scattering:

o R

S

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Q’>> 1 GeV? ,W?2>> 4 GeV?

a(x): function of C1:’s

73 Y SOk =
S Apy = [a(x /
NN '\/EJTOC -
For2H, assuming charge symm = SLAC E122
{ structure functions cancel in the - / -
| |
| Wang et al., Nature 506, no. 7486, 67 (2014); . { JLab
6 GeV run results O ;
Q2 ~ 1.1 GeV? N
APYYS (ppm) —91.10 &
(stat.) +3.11
(syst.) +2.97
(total) +4.30 -
Q2 ~ 1.9 GeV? Asymmetry s
APYYS (ppm) —160.80 3
(stat.) +6.39 1 |
(syst.) +3.12 -150 -1.25 -1.0 -0.75  -0.50
(tOtal) :|:712 2C,"Cyq
arity Violation and Hadron Structure =171 = —  Krishna Kumar. September 13. 2014




e e = s e i SEREAT = e
o o f
Deep Inelastic Scattering on LD>
; Apy in deep inelastic e-D scattering: ,
M Q?>> 1 GeV? ,W2>> 4 GeV? : :
72 v G Q2 a(x): function of C1;’s
#L " F .
| NN Apy = N [a(x)+ f(y J b(x): function of Ca;’s
For2H, assuming charge symmetry, 3 u (x)+ d X y
! structure functions cancel in the ratio: b(x) — = (2C pare= C 5 d) V( ) V( ) + M.
| 10 : u(x)+d(x) | |
| Wang et al., Nature 506, no. 7486, 67 (2014); 02 PVES/Q K
wea
6 GeV run results —
Q2 ~ 1.1 GeV? Standard
APYYS (ppm) —91.10 :
| odel
(stat.) +3.11 Ul o Gf/ “ /M
(syst.) +2.97 Result .
(tOtal) +4.30 02 [
Q2 ~ 1.9 GeV? Asymlnetl'y 0.3 " bes.r
APBYS (ppm) —160.80 fit
(stat.) +6.39
(Syst.) =2 A b T
(total) :|:71c2 09 0.8 -0.720 ) 06 05 0.4

barltv Violation and Hadron Structure 3 [ ey A T TR Kumar. September 13. 2014
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Quarksarenot ...
ambidextrous article in Nature

15

Wang et al., Nature 506, no. 7486, 67 (2014);

A([RCo~Coslg.o) [TeV]

0.2

PVES/Qweak
0.1 /
(\ Standard

“, ~_—Model

JLab 6 GeV
Result ;’ o

02

w best
fit

first experimental determination that
an axial quark coupling combination

15 10 5 0 5 10

A([2C, ~Ci4lg.0) [TeV]

is non-zero, )- —

0.5 0.4

20!\,’01-:!

arity Violation and Hadron Dtructure
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Deep Inelastic Scattering on LD>

Apy in deep inelastic e-D scattering:

6\\//@ 025> 1 GeV? , W2 > Tl
[a(x) +

: RY/er
27O
For2H, assuming charge symmetry,
= s - By separately scattering right - and left-handed electrons off quarks ina
e ratio - -
deuterium target, researchers have improved, by about a factor of five, ona
classic result of mirror-symmetry breaking from 35 years ago. SEE LETTER P.67

;

s O
[ ]
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CoillandjYoke

Requirements
e High Luminosity with E > 10 GeV
e large scattering angles (for high x & y)
e Better than 1% errors for small bins
e x-range 0.25-0.75
e W? >4 GeV?
e Q? range a factor of 2 for each x
— (Except at very high x)
* Moderate running times

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Strateqy: sub-1% precision over broad
kKinematic range: sensitive Standard
Model test and detailed study of
hadronic structure contributions

arity Violation and Hadron Dtructure
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Strateqy: sub-1% precision over broad
\ | kinematic range: sensitive Standard
Model test and detailed study of
hadronic structure contributions

—— —

o |statistical error bar o,/A (%)
- 'shown at center of bins
- in Q2 h
Requirements o X X s
P61 P63 3 symmelry
: pesee: . | standard model test o Sl |
e High Luminosity with E > 10 GeV Sy violation
L 67
 large scattering angles (for highx & y) | | il "f: 25 ¥
* Better than 1% errors for small bins i . g Bigher owist | 4 months at 11 GeV
* x-range 0.25-0.75 5/— 8 &5 g1
e W? >4 GeV? -Sed t 54958 @53
quarks 49{"“ ¢
e Q? range a factor of 2 for each x i O ¢ .
— (Except at very high x) " 2monthsat66Gev
e Moderate running times 0-2 0% 09 SO
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-0.06

-0.08

-0.10

-0.12

— S S ——————————

-0.14

-0.16

-0.18

-0.20

-0.22

-0.76 -0.74 -0.72 -0.70 -0.68

2 eu_ ed
[29°-9 lov  soLID projection

Courtesy: J. Erler

PVES + APV

B SLAC-E122
JLab-Hall A

B all published
] SM

P SolLID (proposal)

Current World Fit

[2 geu' ged]VA

Qweak and SOLID will expand sensitivity that
will match high luminosity LHC reach with
complementary chiral and flavor combinations

[2C,, - Cyyl

. —— e, — ———— e w—

- - e wa - - o a - -

[2Cy = Cy4]
Leptophobic Z°
e q
7 YA
q

SOLID can improve sgnsitivity:

100-200 GeV range

i—"arltv Violation and Hadron Structure
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uP (x) L d"(x) = ou(r)=uP(xr)—

dP(x) = u(x) = dd(x)=dP(x) —u"(x)

We already know CSV exists:

= u-d mass difference  6m =my -m,= 4 MeV
5M = M, -M_ = 1.3 MeV

= electromagnetic effects

* Direct sensitivity to parton-level CSV
e Important implications for PDF’s
e Could be partial explanation of the

0 A py du(z) — od(x)
~ ().28
RCSV A py w(x) + d(x)
t::§ —————————————————— .
0.00lmmeescsraemssmnTTE

-_——
—— e —
S —— —

S—
- ——— T ———

——— -~

—--—--

BAG Model + QED Splitting
QED Splitting in MAST

Uncertainty band., this proposal

|

-0.0Q‘L::::
| LESSS
L i

1

~—
—

——

— ——
—— ------~~

NuTeV anomaly 0.2 0.2 0.6 08
bj
Parity Violation and Hadron Structure I T KTishna Rumar, Septembper 13, 2014
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QCD Dynamics in Precision D; PVDIS

!
!
'

u,"(.’r)::':(l"(.r) = (5‘11(:.'1')5 uP(zr) — d"(x) RCSV 0 Apy ~ 0.28(5“(-”7) — od(x)
d’(z)=u"(x) = odd(x)=d’(x)—u"(x) A py u(x) + d(x)
| We already know CSV exists: 8 . ____—— =
| " u-d mass difference  &m =mg-m = 4 MeV = R —
E OM = Mn_Mp = 1.3 MeV --------::::::::::2::::==
|

. —— e, — ———— e w—

| ®electromagnetic effects

* Direct sensitivity to parton-level CSV

e Important implications for PDF’s | T Iy
 Could be partial explanation of the '°'°"_t§§5 iy Bl e gt |
| NuTeV anomaly oz 0.d 06 ‘ o8 |l

(V) =(SS)=((V =)V +5)) o< L, | (D |u(x)y u(x)d(0)y" d(0))*d*x
Zero in quark-parton model
(a) (b) Higher-Twist valence quark-quark correlation
(c) type diagram is the only operator that can contribute
to a(x) higher twist: theoretically very interesting!

(c) Castorina & Mulders, ‘84 O-L Con-l-r‘ibu-‘-ions CanCeI
PRV oEton ind Haaon Straetore T e e e e e R O A Se T e e T30 T
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Longstanding issue in proton structure
Proton PVDIS: d/u at high x
..{high power liquid hydrogen target) ¢, . 40 15|
G0 Broken SU(6):  diu~0
e alx) + b( x roken SU(6): u
£ \/571;()5[ () + 7 (5 )] Perturbative QCD: d/u~1/5
) u(x)+0.91d (x)
u(x)+0.25d(x)
Projected 12 GeV d/u Extractions @ Three JLab 12 GeV
e " QCD Fi, Botje ~ experiments:
h CTEQ6.6M 1
AN vt ° CLAS12 Bolus -
T "LAa, | o cuses emers | spectator tagging
06l e BigBite - DIS
= Sue) *H/*He Ratio
0.4l e SoLID - PVDIS ep
- DSE ,
o T @ The SoLID extraction
L e -~ 0 . .
- BoNuS sys. uncert. T S S pAcD of d/u is made directl
y
of —————————————— DIk from ep DIS:
o 0T 02 08 04 05 00 07 08 09 T no nuclear corrections

arity Violation and Hadron Structure T e e e KT e Kuma S enebera SR



Cloet, Bentz, Thomas, arXiv 0901.3559

1Ca PVDIS

| Consider PVDIS on a heavy nucleus

e Neutron or proton excess in nuclei leads to a isovector-vector
mean field (p exchange)

e shifts quark distributions: “apparent” charge symmetry violation

e Isovector EMC effect: explain additional 2/3 of NuTeV anomaly
* new insight into medium modification of quark distributions

9 , D= Great leverage for a clean isospin decomposition
(ANt Tl ey G 4 2 9 _— A A _|_ e . e
P e R ey GEd, of the EMC effect in an inclusive measurement

a, from CBT, **Ca x/X,=12%, 60 days, 80uA

e Sty = . e RS =

1.1

| o
| e alave
1.05— | === 9/5 - 4 sin’0,,
i B Our Projections w/ sys
i3 Example Model Prediction
N :
o B
0.95 —
0.9F
0-86.1| 11 |0 2| 1 1 |0 3| 11 |0 4-I 1 1 |0.5| 11 |0 6| 1 1 |O 7| 11 |0 8| 111
X

f’ﬁﬁ"tVVi“oié'tlon and Hadron Structure RS N e KA Rumar Senen e e o
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Cloet Bentz, Thomas arXiv 0901 .3559

1Ca PVDIS

, Consider PVDIS on a heavy nucleus

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

e Neutron or proton excess in nuclei leads to a isovector-vector
mean field (p exchange)

e shifts quark distributions: “apparent” charge symmetry violation

e Isovector EMC effect: explain additional 2/3 of NuTeV anomaly
* new insight into medium modification of quark distributions

—d}, Great leverage for a clean isospin decomposition

agzg—élsm Ow —

discriminate models

is extremely challenging

* a flavor decomposition of medium modifications

25 ut + df T -+ of the EMC effect in an inclusive measurement

e Flavor separation: clean data sparse to date a, from CBT, **Ca x/X,=12%, 60 days, 80uA

|* With hadrons in the initial or final state, 11
small effects are difficult to disentangle
(theoretically and experimentally)

* Precise isotope cross-section ratios in purely .
electromagnetic electron scattering: MUCH
reduced sensitivity to the isovector 095
combination; potentially see small effects to

------- 9/5 - 4 sin’0,,
Our Projections w/ sys

1.05

Example Model Prediction

0.9

LT T T
o
(ST
o
wl
o
N
o
ol
o
ol
o
B
o
o
o
(o]

0.8%.
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High luminosity: precision measurements of PV observables

EW Structure Functions at EIC
e-—C, >—> <« >—p,D,He

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

polarized electron, unpolarized hadron

1 g : PP Ji, Vogelsang, Bliimlein, .
sz — _ﬁ Flz + m l(t V ) Fz Anselmino, Efremov&Leader GFQ2 F17Z f(y) F?’)YZ
N N ﬁN P 49)  phys. Rep. 261 (1995) Apy = S [ B ]
T 1
+ i;MVGﬁ |:p q Fz s 2qa5ﬁ ) 4xpa5ﬂ 92]
(p-q) unpolarized electron polarized hadron
puSu + Sp,pu i S - q S - q G 2 vZ
- 95+ s Pubu i+ —— Gu s, GEC | G sl
2(p-q) (p-q) D-q IR T 9v —~ 7 gaf(y) Fy

arity Violation and Hadron Structure ' T —  Krishna Kumar. September 13. 2014
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High luminosity: precision measurements of PV observables

EW Structure Functions at EIC
e-—C, >—> <« >—p,D,He

OOOOOOOOOOOOOOOOOOOO

pupu

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

J1, Vogelsang, Bliimlein, .

_W’L Z—MF{:—I—

g
4 Cuvap |:p q Fz+2qa5ﬁ i 4mpa5ﬂ92]

2(p- q)

puSu + Sp,pu i
— g3
2(p-q)

F, 2 Anselmino, Efremov & Leader G FQQ F17Z f(y) F?’)Y Z
Phys. Rep. 261 (1995) Apy = [ ]
2\/§7T04

Pupy g + ——
q)z’“”4 p-

S-q 2 vZ
e Q g3 g |
Juv g5A = L 5 =} J1_ |1l
proton deuteron
Z
Ffzocu—l—aH—s FI“ cu+d+2s |
F7Z o 2u, + dy B o uy + d,

polarized electron, unpolarized hadron

o B

unpolarized electron polarized hadron

giYZOCAu—FAd—I—AS giYZocAu+Ad_|_AS
ggz x 2Au, + Ad, ggz x Au, + Ad,

arity Violation and Hadron Dtructure
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High luminosity: precision measurements of PV observables
EW Structure Functions at EIC
e—— > <« >—p,D,’He
1 R Dby i, Vogelsang, Bliimlein, . polarized electron, unpolarized hadron
ﬁw — _m— Fl + m ( ) Fz Anselmino, Efremov&Leader GFQZ F17Z f(y) F?’)YZ
N N NP ) phys. Rep. 261 (1995) Apy = [ - ]
e D qﬁ 2/ 2 e
4+ praf [ Fz 4 2qa56 i 4xpa5ﬂ 92]
Z(p CI) unpolarized electron polarized hadron
p,LLSI/ + Sp,pu i S-q S-q e vZ
— 95+ —— 5 PuPv 95+ —— 9Guv 9% rd [ g3~ gl_] |
2(p-q) (p-q)? i D-q KIS Arpy = o O a—r 7 +gaf(y) Fy
t similar expressions for t dacy
prowon the neutron: 1, < d proton euteron
, ve Z
g7 = (Au+ Ad+ A5+ Ac) F?Z XU+ d+ s O |
Y | %
V" = (Au + Ad + As + A7) FIce T B o Oy
- %
gV = (A@ — Ad — As + Ad) 7? x Au+Ad+As 91 x<Au+Ad+ As
_(j;‘)'“"_ = (—Au + Ad + A3 Ac) ggZ DN L= ggz x Au, + Ad,

e  —— s — e .+
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1 g : PP Ji, Vogelsang, Bliimlein, .
_Wz _Jrv F{' 4 v Fj 2 Anselmino, Efremov &Leader G Qz FWZ f ( ) F’VZ
2m My mx(p - q) i [ 1 y) L's ]
Phys. Rep. 261 (1995) PV = A v 5
€uvap [P°¢° 2v/21 Vs dik,
+i—E [ FY+2q*SP gt — 4ap>SP 92]
2(p-q) unpolarized electron polarized hadron
- . 95+ 5 PuPv9it+ —— G954, - GF [ 95~ I 91_} |
2(p - g) (p- q) p-q TRV = 3 Bna 0 FE T AW |
similar expressions for
proton the neutron: 1y < d BECEEY deuteron

g7 = (Au+ Ad+ A5+ Ac)

gV = (At + Ad + As + Ac)
g: = (A - Ad - As + AP
g = (—Au+ Ad+ Az — Ac)

{:
N i | Vi sy
/d:v[g5 T b p]ng(l—
0

new sum rules

e

ST

)

High luminosity: precision measurements of PV observables

EW Structure Functions at EIC
e-—C, >—> <« >—p,D,He

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

g7 x Au+ Ad + As
ggZ A e = A

polarized electron, unpolarized hadron

Ffzocu—l—aH—s FYZOC’LH—d—I—ZS
E F o ity

g7% x Au+ Ad+As
ggZ A o

X 2Uy + dy

e  —— s — e .+

arity Violation and Hadron Dtructure
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High luminosity: precision measurements of PV observables
;‘ e—— > <« >—p,D,’He
1 Wz 9w i Dby - i, Vogelsang, Bliimlein, . polarized electron, unpolarized hadron
I, — m 1T m ( ) 2 Anselmino, Efremov&Leader G FQ2 FlWZ f(y) F?’)Y Z
N N NP ) phys. Rep. 261 (1995) Apy = [ - ]
€ D qﬁ 2/ 2 e
+ i pro [ Fz 1 2qa5ﬁ () 433paS'B 92]
Z(p Q) unpolarized electron polarized hadron
- g3+ ——% 5 PuPv g4 + —— Guv g5A Sl 25 [ 95 gl_] ‘
2(p . q) (p q) p-q JRIA— 2\/—7'('04 GV Fy = gAf(y) Flv
similar expressions for
proton the neutron: 1y < d BECEEY deuteron
o = 7
g7 = (Au+ Ad+ As+Ac) F{YZO<u+d+S FY'" ocu+d+2s
Eph 7
V" = (Au + Ad + As + A7) FIce T IO e
2 Z
"' = (Ad - Ad — As + A 1% « Au+ Ad+As 91 XAUSNG NG
g’ = (—=Au+ Ad+ A5 - Ac) ggz x 2Au, + Ad, ggz e == i
1 S .
e e g R (1 & 20&3> Similar expressions for neutral
. 9s 9s — 94 37 current structure functions
new sum rules
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Examples of Projected Results

arity Violation and Hadron Dtructure

"""""‘.QQ"‘.”"‘"Q""""”""‘l“.".'.’:..'."'.‘“VQ‘.Q.".'.."‘.T“?"Q,.’f’?QQ‘."“""W-Q Y 'V'l1
o(pr) —o(pr) £ OEPR;—U:“; /5 =]
o(pr) +o(pL) | Al |  9WR)ToL g 4
20 X 250 GeV, Q%2> 1 GeV2% 0.1 <y <0.9, 10 fb-! oal= (e~ av) -
[ . > CC L‘/ [ : ' 5 1
(Could begin the program with 5x250 GeV " Y, " NC A
< t'/’ ,/;7- \
1.e “Stage 1”° of the EIC) oy 0.0 =T -
0.0 "~ el -
l 5
i 94,5
' W+ [
0.5 t
' > o | AL
1073 1072 101 ' 100 023 10~2 10~1 100
I T
——a. - erim o
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20 X 250 GeV, Q%2> 1 GeV2% 0.1 <y <0.9, 10 fb-!

Examples of Projected Results

v - - ———vTrT - ———

(Could begin the program with 5x250 GeV

1.e “Stage 1”° of the EIC)

Full analysis of charged current
events including radiative corrections

Aschenauer et al, PRD 88, 114025 (2013)
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Examples of Projected Results

“"""""""""00"‘0""""0“""""""“"’"""""""“QQ""‘.TFOQQ"Q".'.A"f’"""""""%”" ™ vva Y TTTYTTTTY Y Y Py Yy
olpr) —o(pL) . r oler) —olp) q1 . 1
2 2 1 | opr)+o(pL) Wi | a(pr) +o(pL) £ .
20 X 250 GeV, Q2> 1 GeV2 0.1 <y < 0.9, 10 fb- o1l (e~ av) e
. . 0.f ! .
(Could begin the program with 5x250 GeV D4 | - NC A
. ,"I . ,/ ~7 \\.
1.e “Stage 1”° of the EIC) 0.0 — N
o 0.0 ~ T ~— i : «
Full analysis of charged current -
events including radiative corrections * ‘e 945" ]
Aschenauer et al, PRD 88, 114025 (2013) w1 ' *
10 T T R T T T 10 o :
- 1 "\ q = L L o aaal aaal AL
Ax L e | i == qAx 103 1072 10~ 1 109 %53 10-2 10-1 )10"
\‘ ' [ 1‘ p : T a
' b
6 : ' L -y P o 0.245 : - r
1 [ \ ’ L
\ ' e ’
slis - deep-inelastic
4 \ . e . 4 deuteron beam Vilaap i
- / E158
2 / 1 - 2 I MOLLER
st e | . > 0.240 |- (Jlab) I
— CCDISH} Q = 10GeV" 4 |
0 i L e b o B T ol ] e T ™ l— PA g | Sy A “aal o ‘- 0 AMECAIAM - | -
006 004 -002: 0 004 -002 0 . 002 L4 Queak(lab
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Ly 3 it = 1 AY
X 8 4' 4! l' -1 8 X @
\ 44 \
; \ ’: | S 'l
6 \ ' | Fuit=] >0 [ $
\ I 4 \ ! 0.230 . . . SLD
o i Sl o, sk 200 fb-1, precision polarimetry
L \ ’ 1t \‘ "
. 1L
v \ K -~ 3 K " . need 75 fb-1to surpass SOLID;
X ~ ; > - : [ but EIC measurements have fewer corrections
o MR W B a W ArLE T e | i AP Srirefl SRR RS | | . e el e eeedd .
-0.26 024 -022 -0.2: -0.18 06 062 064 066 0.0001 0.01 1 100 10,000
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Parity Violating Electron Scattering and Hadron Structure

Summary

0000000000000000000000000000000000000000000000000000000000000000000

% Program complete: strange quarks contribute no more than a few % of EM Form Factors
% Further accuracy in lattice calculations will validate this important insight info nucleon structure
% Critical input to precision SM and neutron radius measurements

4 PV Measurements of Neutron Densities
% Proof of principle established: precision from new measurements anticipated in next few years
% Constraint on the density dependence of the Symmetry Energy

4 Search for New TeV-Scale Physics
% PV Elastic Scattering; Qweak final results soon, future: MOLLER at JLab & P2 at Mainz
% PV Deep Inelastic Scattering with Deuterium
* first experimental establishment of non-zero axial quark couplings
| . 12 GeV with SOLID: TeV-scale sensitivity complementary to LHC at 14 TeV

4 Nucleon Structure Topics Enabled by SOLID
% 2H; Access to a dynamically interesting higher-twist effect
% ZH: Precise constraint of possible parton-level charge symmetry violation at high-x
% 'H: Precision high-x constraints on d/u with no nuclear corrections
% 48Ca: Clean, precise inclusive measurement would facilitate flavor decomposition of EMC dynamics

4 New PV Measurements Enabled by the EIC

% Natural evolution of the JLab PVDIS Program
% Novel parity-violating structure functions will provide new insights into nucleon QCD dynamics

F— & ——1 pmc— Stal T OO e o PR I S 1
Parity Violation and Hadron Structure =19 Krishna Rumar, Septembper 13. 20T%
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Strange Quarks 1n the Nucleon

Quark Model <L_L?_j> QCD Late 1980’s
.................................................................

Strange quarks carry nucleon momentum: Other external properties affected?

A pressing question after discovery of EMC effect and the spin crisis

neutron charge distribution proton flavor distribution
®—0e &—0Gs - !
neutron Pion cloud" proton  "“kaon cloud"

Even with broken SU(3)y, potentially large effects for vector current predicted

Theorists originally proposed using neutrino scattering; parity-violating electron
scattering technology & the success of the electroweak theory led to a new strategy

'Y Y< SU( 2 )X U ( 1 ) 0 za,ly(lan & n;l;zgggl;ar (1988)
gauge CReown
. Beck (1990
charge }' symmeltry e o
symmeltry

neutron proton proton

G ~-4sin’0y) G- G! - G| = 6,502, G0

YHe target: Unique Gy sensitivity 2H: Enhanced G, sensitivity
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Pb- Radlus EXperlment

EW Probe of Neutron Densities

1 B T |
Z" | #a 4o
o EM 2

20586 M =?FP(Q ] M- ([ (1- 4sin’6,,) (QZ)—Fn(QZ)]

l QpEM o 1 QnEM - 0 an '1 pr = 1 = 4Sin26W
| |
; proton neutron §
l i
Electric charge 1 0 i
Weak charge ~0.08 -1 |

s — . — ., — e

i—"arltv Violation and Hadron Structure T

P —
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| |
| S S S T |
AN Lol dra
3 EM 2
208p e NC 2 2

! b, M =Ly \f[ (1- 4sin’6,,)F,(Q%) - F,(Q )]

| G,0° F (QZ) ¢ :

ALt : QPey~1 Qey~0 QW~-1 QPy~1-4sin?0y |

iy PV \/_ p)

| a2 F p(Q ) !

| proton neutron :

l |

| Electric charge 1 0 '
Weak charge ~0.08 -1 |

= SRR = R i S =

Pb Radlus EXperlment

EW Probe of Neutron Densities

EEEE——
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QZ

 dman2 FI,(QZ) = 06som

Q2~0.01 GeV2 -~  Rate~1GHz
5° scattering angle 5(Apy) ~ 20 I
PV ppb!

| Pb Radlus EXperlment

EW Probe of Neutron Densities

A\ Yl mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
/ I ‘ 4
‘ ‘ JTIA

—

—

2038 M™ ==="F(0°) M- ([1 dsin’6,,)F,(Q?) -

5 2
APV~ GFQ F,,(Q) QPeyy~1 Qgy~0

mmmmmmmmmmmmmmmmmmmmmm

F,(0)
Q" ~-1 QP ~1-4sin?y |
!
proton neutron ?
Electric charge 1 0 |
Weak charge ~0.08 -1

f’érltv Violation and Hadron Structure
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Pb-Radius EXperiment

EW Probe of Neutron Densities

‘ Y — o s s e s e et et o et e
2" ok 4ot
S EM 2 G
’ 208p M e ( ) N ke s w0 2 2
? * F,(2)
Y AmaA2 F (QZ) |
| P = |
; APV 0.6 Ppm proton neutron :
| i 2 |
| Q4 ~0.01 GeV T Rate ~ 1 GHz Electric charge 1 0 |
| 5° scattering angle |
i g ang 5(APV) ~ 20 ppb! Weak charge ~0.08 -1 i
| SRSEE R L 1__' B !
" et FSUGold - |
: skyrme standard 0.8l — ‘2‘28Ca [0.207(6)] l
. A peeft - 5P [0.223(6)] l
[ . rmf standard = e—e PREX [0.204(28)] - :
, OB} & 1 06 . |
; Aa electroweak - % = J. Piekarewicz
=4 A 204l
- - R. Furnstahl x‘! probe : = 0'4_
[ ‘i 0.2
[ Mean Field Theory fit wu &
~mostly by data other
0.26 '_—than 1neutr(1)n denlsities 1 B O
T TRt BT ST L
. " e ' 4 . 1.2 il
r in" Pb(fm) 2 J Q(cf)n?_l) 2
e e T S CIT O T S T CLLITE S =22 e e KT Km A S en e er g e s




— —

e - m——— . -

Pb-Radius EXperiment

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

EW Probe of Neutron Densities

- —————— “-T

;

Z’ | s 4o,
| EM 2 NC G s D) 2 2
208pp, M™ ==22F(0°) M = PE[(1-4sin6, )F,(Q2) - F.(0
2 PV ’\/E Wi~ p n
G,0* F,(0°) & .
iAPV 2 F i . QpEM ~ 1 QnEM ~0 an ~ -1 pr ~1- 43'"26W
| daaN2 F (O
g Apy ~ 0.6 ppm
| PV -0 PP proton neutron |
l R 2
Q“ ~ 0.01 GeVI T Rate ~1 GHz Electric charge 1 0=
5° scattering angle
~ |
6(Apy) ~ 20 ppb! Weak charge ~0.08 -1
R B B I =T T T T T T T = {
()'39:_ C‘. : l\l'lcsm‘llcn 1 ESUGold 8 |
° indgl( dard %Ca [0207(6)] H 1 l
© sSKyrme standarg [ . a V.
\-, A peeft s s MPB[0,223(6)] Neutron Star
® rmf standard 2 e—e PREX [0.204(28)] s
. 0.28F “’ . 06L - t skin
; a electroweak 1 % - J. Piekarewicz ~10
4 A 040l
“" £ R Furnstahl g& probe = fm
0.27- - [
ﬁ 0.2k
" Mean Field Theory fit n B \
-mostly by data other
0.26 -than Lneutr(l)n denlsities 1 . B O crust
555 56 565 57 575 58 '
¢ in 2®Pb (fm) e qﬁﬁ_l) 12 1.6 Horowitz and Piekarewicz, PRL 86 (2001)
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Compelling arguments for "New Dynamics” in the Early Universe
A comprehensive search to understand the origin of matter requires:

The Large Hadron Collider, astrophysical observations as well as Lower Energy: Q?<< M,?

Nuclear/Atomic systems address several topics; unique & complementary

Neutrino mass and mixing Ovpf decay, 0,5 P decay, long baseline neutrino expts...

Rare or Forbidden Processes EDMs, charged LFV, Ov@33 decay...
Dark Matter Searches direct detection, dark photon searches...
Precision Electroweak Measurements: (g-2),, charged & neutral current amplitudes

i

i:’?a’rltv Violation and Hadron Structure
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Compelling arguments for "New Dynamics” in the Early Universe
A comprehensive search to understand the origin of matter requires:

—

The Large Hadron Collider, astrophysical observations as well as Lower Energy: Q?<< M,?

Nuclear/Atomic systems address several topics; unique & complementary;;

- — e — —— > —

« Neutrino mass and mixing Ovpf decay, 0,5 P decay, long baseline neutrino expts...

 Rare or Forbidden Processes EDMs, charged LFV, Ovpf3 decay...
« Dark Matter Searches direct detection, dark photon searches...
e Precision Electroweak Measurements: (g-2),, charged & neutral current amplitudes

Experimental Facilities/Initiatives/Programs
« Neutrons: Lifetime, Asymmetries (LANSCE, NIST, SNS...)

° Underground Detectors: Dark Matter, Double-Beta Decay
C Nuclei: Precision Weak Decays, Atomic Parity Violation, EDMs (MSU, ANL, TAMU, Tabletop...)

C Muons, Kaons, Pions: Lifetime, Branching ratios, Michel parameters, g-2 , EDMs (BNL, PSI, TRIUMF, FNAL, J-PARC...)
« Electron Beams: Weak neutral current couplings, precision weak mixing angle, dark photons (JLab, Mainz)

Z':j
— A v e — e - —————— ——— ———— . - —
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The Role of Low ¢/

Weak Neutral Current

Measurements
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Ramsey-Musolf & Su

MOLLER

20 15 __10 5

(Q\eN)SUSY/(QW)SM

o2 5
(%)

10

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

Does Supersymmetry provide
a candidate for dark matter?

‘B and/or L need not be
a conserved: neutralino decay

Depending on size and sign
of deviation: could lose appeal
as a dark matter candidate

arity Violation and Hadron Dtructure
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Does Supersymmetry provide
a candidate for dark matter?

‘B and/or L need not be
conserved: neutralino decay

—— —

Depending on size and sign
of deviation: could lose appeal

as a dark matter candidate
MOLLER
Ramsey-Musolf & Su | |
% 15 .10 5 0 5 10
| (QW)SUSY/(QW)SM (%) q |
5 e
Leptophobic 2’
oVirtually all GUT models predict new Z’s arXiv:1203.1102v1
o HC reach ~ 5 TeV, but.... Buckley and Ramsey-Musolf
eLittle sensitivity if Z’ doesnt couple to leptons 174 A
oL eptophobic Z’ as light as 120 GeV could have escaped detection
q
Since electron vertex must be vector, the Z’ cannot e q
couple to the Ci4’s if there is no electron coupling: SOLID can improve sensitivity
can only affect Czq’s 100-200 GeV range
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electrons

4 MOLLER Inelastic background§’ "

% Inelastic e-p scattering in diffractive region (Q% <<1 GeV?,
| W25 2 GeV?) pollutes the Meller peak ] % 7

4 Box diagram uncertainties

c— W [ p— W

% Proton weak charge modified; inelastic intermediate states

4 Parton dynamics in nucleons and nuclei
% Higher twist effects T

(a) (b)

AL 113

% charge symmetry violation in the nucleon 1
* “EMC” style effects: quark pdfs modified in nuclei

Parity Violation and Hadron Structure YR P 55 Krishna Rumar, Septembper 13. 2014
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Parton-level charge symmetry assumed in deriving ?H Ap,

Charge Symmetry Violation

ou(x)=u’(x)-d"(x)
0d(x)=d"(x)—u"(x)

* u,d quark mass difference
e electromagnetic effects |

I:'CSV

-
s
—
——
_—
———

-
P O
-

3 A, (x) du(x)-8d(x)
Resv = APV(x) B u(x)+ d(x)

0.00

-0.02

BAG Model + QED Splitting
—0.04- === QED Splittingin MRST

———

L~ ~ 7] Uncertainty band, this proposal

l 1 1 L l

* Direct observation of parton-
level CSV would be very exciting!

e Important implications for high
energy collider pdfs

e Could explain significant
portion of the NuTeV anomaly

0.2 0.4

0.6 0.8
xbj
arity Violation and Hadron Structure T e e KRN KA SeorEmber N B e 1 e




|

Elastic Electron-Proton Scattering
P2 at Mainz

gy . . .

[l Shielding

MESA

External Beam:
Full-wave-recirculation

Energy recovery: Half-wave-recirculation

EBeam 200 MeV
Q?%/Be 0.0048 GeV?/20°
Time/current/target 10000h/150pA/60cm
Aphys -20.25 ppb
AAtot 0.34 ppb (1.7 %)
AAstat 0.25 ppb
AAsys 0.19 ppb (0.9%)
Polarization (85 0.5) %
Rate 0.44 10'2Hz
Asin? Bw stat 2.8 104
Asin? Bw tot 3.6 104 (0.15 %)

eFunding approval from DFG

*R&D in progress

eAim to run from 2017-20
Technically challenging:

great synergy with JLab program
Recent joint beam test of integrating

N R P D R R T

quartz detectors successful

T T T

Paritv Violation and Hadron Dtructure
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Weak Charge and Neutron Skin

at Mainz
Future: MESA/P2 at Mainz

New ERL complex will also support a high-
current extracted beam suitable for a PV
measurement of proton weak charge

» Funding approved from DFG
» Development starting now
 Planned running 2017-2020

e Apy =-20 ppb to0 2.1% (0.4ppb)
e« 5(sin%Bw) = 0.2%

MESA-LAYOUT

—— —

arity Violation and Hadron Dtructure 29—

—  Krishna Kumar. September 13. 2014



Weak Charge and Neutron Skin

at Mainz

Future: MESA/P2 at Mainz

New ERL complex will also support a high-
current extracted beam suitable for a PV
measurement of proton weak charge

e Apy =-20 ppb to0 2.1% (0.4ppb)

« Funding approved from DFG
« Development starting now

ESA-LAYOUT

llllllllll

Explore a
PREX-style
measurement

using
same
solenoidal
magnet to be
used for P2

SR, / 5,, [%]
N

N

1.5

— T
At = 2500h (1% sys. error) -

At = 1440h (1% sys. error)
At =720h (1% sys. error)

O(R,) ~+0.03 fm

' - —
¥ o
....... T..lm-w-;ww :‘!:...A..-...-.-.._.

lllllllllllllllllllllll-

%

| e 8(sin? 0
. sin“Bw) = 0.2% .
( ) « Planned running 2017-2020
EGOO
200 MeV £ Eelenmdal spectrometer will
FOM peaks around 25 degrees <
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e
61 dinA/dInR_ (%0) | R Y
= A (ppm) q 400 » ’
E | | S. Ban and
- |C. Horowitz | 300
= of - A
= | 200
100
I | FETRTRTET PITRTOITY PYTPETETE FETPPITeT Liseiniee, Lisasssiis Losaahad Lisss
-0 10 20 \O 40 50 ()O 70 L|_|_|_|_l|||||||||||1 =
Theta (deg) -9500 0 500 1000 1500
|

2500

2000
z/mm

22 24 26 28 30 32
0 [degree]
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Dark Z to Invisible Particles

i~ ———————— - - ————— “-T

;

Davoudiasl, Lee, Marciano
1x1074; —_ e 0 0 0 0 0 T T 0 00 0 R R R 0 0 0 R 0 0
[ \ AN,
o 10arXiv:1203.2 ‘Y Dark Photons: =
| ' /|| |Beyond kinetic mixing; & Zd )
introduce mass mixing M
%1075 with the Z°
_— = « Potentially Observable Effects (for 5210-3)
% ) APV & Polarized Electron Scattering at low <Q> |
- APEX T'est MAMI
_____ X MESA BR(K=nZ,)= 4x10456? BR(B=»KZ,)=0.182 |
1 10-51 ’APV Combined 2 6
| \ 04 roughly probed to10
5x1077¢ ,
, 141 | i
’ 0.242 s Masi 7 = 50 MeV
| [For 62=107° e My 7 = 100 MeV
15 10~ I ‘ 2 A g 0.240 My 7z = 200 MeV l
- GFE=Ray 50 100 500 ,
MeV) _ 0.238 (no suppression factor)
mza | "5, (dilution factor = 2)
r~§ 0.236 (QCD corrcctxon =1/
g (6 < 107° is used

K=27Z = w+”missing energy”
& and & effects could partially cancel!

Suppression by ~1/6 allows Z ~100MeV
Combined with muon g-2 = observable dark PV Band

0.234
0.232
0.230 "Anticipated sensitivities SLAC
2 -1 0 1 2 3
Log,, Q [GeV]
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Physics Examples: Beyond LHC

Z resonance measurements: little sensitivity to new contact interactions

e+e- colliders Qﬁr;a;gt'i’gl';%g;Q‘.""""'.""‘.""""""“"‘."""".""‘.Q""" 0000000000000000000
OIl,EP and SLC 125 GeV Higgs! Allowed region: R-Parity- 0.06l R-Parity-conserving
Ap 0.23071 = 0.00053 violating Supersymmetry  ~__ Supersymmetry
=
(7))
A(P) 0.23131 = 0.00041 o> 004
D .
- . = 0.02
A (SLD) A 0.23070 = O'OOOZGRamsey-Musolfand Su, & s
Phys. Rep. 456 (2008 2 _
AP v~ 0231932 0.00029 % Kep- 46 (2008) gz O
023 0231 0232 e DU © _0.02) .
sin"’ew(M ) arXiv:1303.5522 \ Future constraints:
MOLLER o 0.00029 0.04 constra JLab MOLLER &
Qweak (Mainz) —|—  proposed = 0.00037 ' | | Mainz P2
<Lidinid Sl ‘ + 0.00060 -0.04 -002 .0 Q02 0.04
Qweak (JLab) ongoing  =0.00072 6 ((9av)susy/(Fav)sm
C
' Aoy published  *0-0014
E158 o + 0.0014 :
Leptophobic 2’
e q

A >85 TeV v Z!

Doubly- q

Charged SOLID can improve sensitivity:
S.chlar = 100-200 GeV range

ignificant reach beyond LEP-200

e ———— o — e+
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| xg'%, EIC 20 GeV x 325 GeV (E_ x E,), Lxt = 100 fb™
| 1 e P

Including quark and anti-quark polarizations

Help 6-Flavor Separation

xg'%, EIC 20 GeV x 325 GeV (E_ x E,), Lxt =100 fb™
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xAs, EIC 20 GeV x 325 GeV (E_ x E,), Lxt =500 fb™
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gof || l IR SR } Semi-inclusive measurements
202 \ | lose statistical power at x ~ 0.1,
004 and have significant theoretical
R interpretation issues
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A cross-check showing unambiguously

0.06{-
0.04f} I : S . : .
I non-zero delta-s in an inclusive measurement?
I 1!

—— —

e  —— s — e .+

arity Violation and Hadron Structure 20 T Krishna Kumar. September 13. 2014



S SO ST

PV Deep Inelastic Scattering

off the simplest isoscalar nucleus and at high Bjorken x
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e R e =
_ Apy = G =7 37 A= xBjorken
2\@#&[ it e } y=1-E'/E
Q2>>21 GeV2 ,W2>> 4 GeV? o I —(1—y)?
G T 14 (1—y)2— 22
Ay = T [ax)+ F()b()] ST
270 R(z,Q%) =0'/o" = 0.2 |
o' — o  Athigh x, A;;, becomes independent of pdfs, x & W,
Ao = S with well-defined SM prediction for Q* and y
y Y )
_ [3GRQ*\ 2C, — Ciqg (14 R,) +Y (205, — Caa) R,
Ta2v/2 5+ R,
: Interplay with QCD
R.(z) = — 25() Large * = Parton distributions (u, d, s, c)
Uz) + D(z) = Charge Symmetry Violation (CSV)
R(e) = praoae) sy + Higher Twist (HT)
/() + D(x) = Nuclear Effects (EMC)
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Consider PVDIS on a heavy nucleus

Cloet, Bentz, Thomas, arXiv 0901.3559

e Neutron or proton excess in nuclei leads to a isovector-vector
mean field (p exchange)

e shifts quark distributions: “apparent” CSV
e |sovector EMC effect: explain additional 2/3 of NuTeV anomaly

° new 1n51ght into medlum modification of quark distributions
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An improved Ca-48 proposal using Ca-48 being developed for JLab
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A Special HT Effect

The observation of Higher Twist in PV-DIS would be exciting direct evidence for diquarks
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fc?llowing the approach of VM = = d’yud Su — @Y“u [ d’Yud)
| Bjorken, PRD 18, 3239 (78), .
| Wolfenstein, NPB146, 477 (78) <VV> =1, J< D|VE(x)V (0)] D>e’q”‘d =5
Isospin decomposition

before using PDF’s

Z

Y (VV) — (SS) 2

| GO § = a(x) o x1—0.30
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% Higher-Twist valence quark-quark correlation Zero in quark-parton model

= \ e .
=((V=S)V +8))e< L, D|u(x)y“u(x)d(O)yVd(0)>e"’>“d4x

m m (c) type diagram is the only operator
that can contribute to a(x) higher

twist: theoretically very interesting!

i
m oL contributions cancel

(€) Castoring & Mulders, ‘84 Use v data for small b(x) term.
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